Introduction
Endothelial nitric oxide synthase (eNOS) is an enzyme that catalyzes the formation of nitric oxide (NO) from L-arginine. NO is an important signaling molecule that is involved in a variety of physiological processes, 1 most notably the regulation of vascular tone and structure. By stimulating the production of cyclic guanosine monophosphate (cGMP) in vascular smooth muscle cells surrounding blood vessels, NO causes muscle relaxation and a decrease in blood pressure. 2 Additionally, NO has atheroprotective, anti-thrombotic, and anti-inflammatory properties through its ability to inhibit platelet aggregation, expression of adhesion molecules, and lipid oxidation. 2 Mice lacking expression of eNOS lose the ability to produce vascular NO, and as a result develop hypertension. 3, 4 Similar results are also seen when NOS activity is blocked by the competitive inhibitor N -nitro-L-arginine methyl ester (L-NAME). [5] [6] [7] NO also has important biological functions outside of the vasculature, including roles in the gastrointestinal, respiratory, nervous, and immune systems.
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It has been reported that NO suppresses the expression of plasminogen activator inhibitor-1 (PAI-1) in vascular smooth muscle cells. 8 Similarly, long-term inhibition of NOS in rats by L-NAME treatment resulted in increased vascular PAI-1 expression. 9 PAI-1 is the primary physiological inhibitor of plasminogen activation and is a member of the SERPIN superfamily of serine protease inhibitors. 10 In plasma, PAI-1 has a critical role in regulating endogenous fibrinolytic activity and resistance to thrombolysis. In vascular tissues, PAI-1 mediates the response to injury by inhibiting cellular migration 11 and matrix degradation. 12 Additionally, substantial evidence exists showing that PAI-1 may contribute to the development of fibrosis and thrombosis due to chemical 13 or ionizing injury. 14 In the absence of vascular injury or hyperlipidemia, our group has reported that transgenic mice overexpressing a stable and as a result develop hypertension. 3, 4 Similar results are also seen when NOS S a act ct tiv ivit it ity y y is is is blocked by the competitive inhibitor N -nitro-L-arginine methyl ester (L-NAME). [5] [6] [7] NO also ha as s im im imp po port rt rtan an a t t t bi iol ol olo og ogical functions outside of the e e v va a asculature, incl clud u u in ng g g r ro roles in the f g gast t tro r intestinal al, re resp pir ir irat tor or ory, y, n n ne er ervo vo ous us us, an and d im m mm m mune e e s syst te tem ms ms. .
It It h h has as as b bee ee en n re rep p por rt rted ed t t tha ha hat t t NO NO NO s su up uppr pr pres es esse e es s s th th he ex ex xpr pr pres es ess si sion on n o of f pl pl plas as a m mi min no noge ge gen n n ac act ti tiv v vato o or nhibitor-1 (P (PAI AI AI-1 -1 1) ) ) in in i v vas a a c c cul ul ular a a s s smo mo m ot ot o h h mu mu musc sc scle le le c c cel el e ls ls l . . 8 8 8 Si Si Simi mi mila la arl rl ly, y, y, l lon on ng-g-g te te erm rm rm i inh nh hib ib bit it tio io on n n of NOS in form of human PAI-1 develop spontaneous coronary arterial thrombosis. 15 We have also previously reported that PAI-I deficiency prevents the development of perivascular fibrosis associated with long-term NOS inhibition by L-NAME. 16, 17 In the present study, we demonstrate that a novel, orally active small molecule inhibitor of PAI-1, TM5441, is as effective as complete deficiency of PAI-1 in protecting against L-NAME-induced pathologies.
TM5441 is a derivative of the previously reported PAI-1 inhibitor TM5275, 18 which was generated by optimizing the structure-activity relationships of the lead compound TM5007.
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TM5007 was originally identified as a PAI-1 inhibitor by virtual, structure-based drug design which used a docking simulation to select candidates that fit within a cleft in the 3-dimensional structure of human PAI-1.
Beyond examining PAI-1 in L-NAME-induced arteriosclerosis, the present study focuses on the roles of NO and PAI-1 in vascular senescence. Senescent endothelial cells exhibit reduced eNOS activity and NO production, 20, 21 and NO has been shown to be protective against the development of senescence, an effect that is abrogated by L-NAME treatment. 22, 23 However, the role of NO and L-NAME in vascular senescence in vivo is uncertain. PAI-1 is recognized as a marker of senescence and is a key member of a group of proteins collectively known as the senescence-messaging secretome (SMS). 24 However, it is likely that PAI-1 is not just a biomarker of senescence, but instead may be a critical driver of this process. Evidence supporting this hypothesis has already been shown in vitro. PAI-1 expression is both necessary and sufficient to drive senescence in vitro downstream of p53, and PAI-1-deficient murine embryonic fibroblasts are resistant to replicative senescence. 25, 26 However, very little is known about the role of PAI-1 in senescence in vivo.
In this study, we show that L-NAME treatment and the subsequent loss of NO production tructure of human PAI-1.
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Methods

TM5441 Activity and Specificity Assays
The inhibitory activity and specificity of TM5441 (developed at the United Centers for Advanced Research and Translational Medicine (ART), Tohoku University Graduate School of Medicine, Miyagi, Japan) was assessed using recombinant PAI-1, antithrombin III, and 2-antiplasmin by chromogenic assay as previously described. 27, 28 The reaction mixture includes 
TM5441 Pharmacokinetics and Toxicity
TM5441, suspended in a 0.5% carboxymethyl cellulose sodium salt (CMC) solution, was administered orally by gavage feeding to male Wistar rats (5 mg/kg) (CLEA Japan Inc.).
Medicine, Miyagi, Japan) was assessed using recombinant PAI-1, antithrombin I III I II, an and d d 2-2-2-antiplasmin by chromogenic assay as previously described. 27, 28 The reaction mixture includes Guidelines at the non-GLP conditions. A repeated-dose toxicity study of TM5441 was assessed for 2 weeks in 5 Crl:CD (SD) rats per sex per group and no observed adverse effect level (NOAEL) was concluded at 30 mg/kg in female rats and 100 mg/kg in male rats. As for the reverse mutation Ames test, TM5441 was negative. The effect of TM5441 on hERG electric current was investigated in HEL293 cells, which were transfected with the hERG gene, and TM5441 does not affect on hERG electric current in a concentration of up to 10 mM.
Experimental Animals
Studies were performed on littermate 6-8 week old C57BL/6J mice of both sexes purchased from Jackson Laboratories (Bar Harbor, ME). L-NAME (Sigma Aldrich, St. Louis, MO) was administered in the drinking water at 1 mg/mL (approximately 100-120 mg/kg/day). TM5441
was mixed in the chow at a concentration of 20 mg/kg/day. This dose was based on both preliminary studies conducted in our laboratory feeding mice with TM5441 and on personal 
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Recording, CODA, Kent Scientific Corp, Torrington, CT). Mice were placed in the specialized holder for 10-15 minutes prior to the measurement in order to acclimate to their surroundings.
The animals underwent 3 training sessions prior to initial baseline measurements. This method has been validated against classic tail plethysmography.
Echocardiograms
Left ventricular function at diastole was determined in the mice (n=12-13/group) with the use of two-dimensional (2D), M, and Doppler modes of echocardiography (Vevo 770, Visualsonics
Inc., Toronto, Ontario, Canada). Mice were imaged at both baseline and after 8 weeks of treatment. The animals were anesthetized and placed supine on a warming platform. Parasternal long-and short-axis views were obtained in each mode to assess function.
Histology and Morphometry
Hearts and aortas were harvested from the animals after 8 weeks of treatment. The tissues were formalin fixed, paraffin embedded, and sectioned at 6 microns. Morphometric analysis was performed on left ventricular myocytes stained with hematoxylin and eosin (H & E) in order to calculate myocyte cross-sectional area using ImagePro Plus 6.3. Myoyctes that had a clear, unbroken cellular membrane and a visible nucleus were cut transversely, traced, and the areas determined. Approximately 100 myocytes were counted per mouse (n=12-13/group).
Morphometric analysis was also performed on aortic sections stained with Masson's trichome in order to calculate the extent of perivascular fibrosis. The aorta and its surrounding collagen layer were traced, and the extent of fibrosis calculated by determining the percentage of the total area occupied by collagen (stained blue) (n=10-12/group).
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qRT-PCR
Aortas harvested from subject mice were snap frozen in liquid nitrogen (n=6-11/group). Excess tissue was removed under a dissecting microscope. RNA was isolated using the Qiagen RNeasy
Mini Kit (Qiagen, Valencia, CA) using the manufacturer's protocol. cDNA was generated from the RNA using the qScript cDNA Supermix (Quanta Biosciences, Gaithersburg, MD).
Quantitative real-time PCR was performed using the SsoAdvanced SYBR Green Supermix 
Average Telomere Length Ratio Quantification
Aortas and livers harvested from subject mice were snap frozen in liquid nitrogen (n=6-11/group). Excess tissue was removed under a dissecting microscope. Genomic DNA was isolated using the Qiagen DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) by following the manufacturer's protocol, and then was used to measure telomere length by quantitative real-time PCR as previously described with minor modification. 29, 30 Briefly, telomere repeats are amplified using specially designed primers, which are then compared to the amplification of a single-copy gene, the 36B4 gene (acidic ribosomal phosphoprotein PO), to determine the average telomere length ratio (ATLR). Either 15 ng (aortas) or 100 ng (livers) of genomic DNA template was added to each 20 μl reaction containing forward and reverse primers (250 nM each for telomere primers, and 500 nM each for the 36B4 primers), SsoAdvanced SYBR Green Supermix GAPDH (F: 5'-ATGTTCCAGTATGACTCCACTCACG-3' and R: 5'-GAAGACACCAGTAGACTCCACGACA-3') (Integrated DNA Technologies, Inc., Coralville,
A A). ). ).
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Statistical Analysis
All results are presented as mean ± SD. Comparisons between 2 groups were tested by an unpaired, 2-tailed Student's t test (unless otherwise noted). Results with P 0.05 were considered significant.
Expanded methods and materials are in Supplemental Data.
Results
Generation and Validation of TM5441
TM5441 (molecular weight, 428.8 g/mol; cLogP, 3.319) was discovered through an extensive structure-activity relationship study with more than 170 novel derivatives with comparatively low molecular weights (400 to 550 g/mol) and without symmetrical structure, designed on the 
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Compounds that bind in this cleft would block RCL insertion and thus prevent PAI-1 activity.
Once TM5007 had been identified as a PAI-1 inhibitor both virtually and in vitro/in vivo, further compounds were derived via chemical modification in order to improve the pharmacokinetic properties of the inhibitor, resulting in the generation of TM5275 and later TM5441 ( Table 1) .
The inhibitory activity of TM5441 was shown in vitro by a chromogenic assay ( Figure 1A and B) and its specificity was confirmed by demonstrating that it did not inhibit other SERPINs such as antithrombin III ( Figure 1C ) and 2-antiplasmin ( Figure 1D ).
TM5441 Attenuates the Effects of L-NAME on Systolic Blood Pressure
6-8 week old WT C57BL/6J animals were given either L-NAME (1 mg/mL) water or regular water for 8 weeks. Additionally, animals received either TM5441 (20 mg/kg/day) chow or regular diet. Systolic blood pressure (SBP) was measured every 2 weeks over the course of the study. As shown in Figure 2A , animals given L-NAME in their drinking water for 8 weeks had a 35% increase in SBP compared to WT animals receiving untreated water (183 ± 13 mmHg vs.
135± 16 mmHg, P=3.1x10 -7 ). However, animals receiving both L-NAME and the PAI-1 inhibitor TM5441 had significantly lower SBPs compared to those that received L-NAME alone (163 ± 21 mmHg vs.183 ± 13 mmHg, P=0.009). This difference in SBP between L-NAME and L-NAME + TM5441 animals was similar to previously reported data comparing L-NAMEtreated WT and PAI-1-deficient mice. 16, 17 Thus, we confirmed that pharmacologic inhibition of PAI-1 activity using the novel antagonist TM5441 protects against L-NAME-induced Figure 1C ) and 2-antiplasmin ( Figure 1D ).
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These animals showed no difference in SBP compared to WT. Additionally, using LC/MS/MS, we confirmed the presence of TM5441 in the plasma of our co-treated animals and showed that the concentration of TM5441 correlated slightly with SBP (Supplemental Figure 1) .
TM5441 Reduces Cardiac Hypertrophy Derived from L-NAME Treatment
As seen in Figure 2B , L-NAME-treated animals showed a significant thickening of their left ventricle anterior wall (LVAW) during diastole relative to WT (1.00 ± 0.11 mm vs. 0.86 ± 0.11 mm, P=0.006). PAI-1 antagonism attenuated LVAW thickness compared to L-NAME treatment alone (0.84 ± 0.09 mm vs. 1.00 ± 0.11 mm, P=0.002). This reduction in cardiac hypertrophy was seen at the cellular level as well ( Figure 2C ). Left ventricle myocyte cross-sectional area significantly increased in WT + L-NAME mice compared to WT (334 ± 37 μm 2 vs. 262 ± 31 μm 2 , P=0.00003), but co-treatment with TM5441 reduced the extent of hypertrophy compared to L-NAME treatment alone (300 ± 42 μm 2 vs. 334 ± 37 μm 2 , P=0.04). Animals receiving only TM5441 were not significantly different from WT in either measurement.
TM5441 Prevents the Development of Periaortic Fibrosis
Cross-sections from the aorta were stained with Masson's trichome to examine the extent of perivascular fibrosis. As shown in Figure 3 , the ratio of fibrotic area compared to total vascular area was significantly increased in L-NAME-treated animals compared to WT (31 ± 6 % vs. 22 ± 3%, P=0.0006). However, co-administration of TM5441 with L-NAME prevented collagen accumulation around the aorta so that these animals maintained a baseline level of fibrosis (22 ± 3% vs. 32 ± 6% for WT + L-NAME, P=0.0006). Thus, PAI-1 inhibition prevents the structural remodeling of the vasculature associated with L-NAME treatment.
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TM5441 Protects Against L-NAME-Induced Vascular Senescence
Previous in vitro work has demonstrated that the loss of NO through L-NAME treatment can lead to endothelial cell senescence. 22, 23 In this study, we determined the level of senescence in vivo in aortas using quantitative RT-PCR. When examining the senescence marker p16
Ink4a
, we found that while L-NAME treatment significantly increased the expression of p16 Ink4a three-fold (P=0.008 vs. WT), this increase was prevented by TM5441 co-treatment (P=0.01 vs. WT + L-NAME) ( Figure 4A) . We confirmed these results by using a PCR method to measure average telomere length ratio (ATLR) in both liver ( Figure 4B ) and aorta ( Figure 4C) . 29, 30 In both tissues, L-NAME significantly reduced telomere length, whereas those animals receiving L-NAME and TM5441 had no change in telomere length relative to WT animals.
Discussion
Long-term NOS inhibition leads to hypertension through the combination of the loss of NOdependent vasodilation and arteriosclerotic remodeling of the vasculature. [5] [6] [7] Similar to previously reported data, 16, 17 in the present study SBP increased after only 2 weeks of L-NAME treatment and continued to rise throughout the study. However, when the animals were simultaneously treated with L-NAME and the PAI-1 inhibitor TM5441, the increase in SBP was
blunted. This reduction in SBP is similar to that seen previously with PAI-1-deficient mice, 16, 17 indicating that TM5441 is effective in minimizing the effects of L-NAME on SBP. These results correlate with our previous observations that loss of PAI-1 is protective against angiotensin IIinduced hypertension (Supplemental Figure 2) , thus demonstrating that the effect of PAI-1 on SBP is NO-independent. To our knowledge, this is the first instance of a non-anti-hypertensive drug successfully preventing systolic hypertension. NAME and TM5441 had no change in telomere length relative to WT animals.
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L-NAME caused significant increases in both wall thickness and myocyte cross-sectional area.
TM5441 treatment reduced these compensatory responses by 16% and 10%, respectively. This reduction in hypertrophy further demonstrates that PAI-1 inhibition effectively protects against hypertension and its associated pathologies.
In addition to the changes in blood pressure, we directly examined the changes in vascular remodeling caused by L-NAME by quantifying the extent of periaortic fibrosis in these animals. L-NAME-treated mice had almost 50% more fibrosis surrounding their aortas as compared to the aortas from untreated WT. This increase was completely attenuated in animals receiving both L-NAME and TM5441, as these mice had identical levels of fibrosis to that observed in untreated WT controls. Excess PAI-1 is known to exacerbate the development of fibrosis in a variety of animal models, 31, 32 and L-NAME elevates arterial PAI-1 expression. 9 Furthermore, we have previously shown that PAI-1 deficiency both augments gelatinolytic activity in coronary arteries using in situ zymography 17 and protects against periaortic fibrosis induced by angiotensin II. 33 Taken together, this data identifies a mechanism through which PAI-1 deficiency is protective against collagen deposition and perivascular fibrosis. Thus, we would anticipate both the structural changes seen in the L-NAME-treated aortas and the protection against these changes provided by TM5441.
The capacity of TM5441 to prevent the increase in SBP and reduce the development of hypertrophy and arteriosclerosis makes it a promising therapeutic, particularly in the elderly population where arteriosclerosis likely makes a major contribution to this common malady.
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Loss of NO production has been shown to induce vascular senescence in vitro, 22, 23 and increased PAI-1 is an established as a marker of senescence. 24, 25 However, little work has been done to examine the role of NO in senescence in vivo. We determined that NOS inhibition can induce senescence in vivo by showing that L-NAME-treated aortas had a three-fold increase in expression of the senescence marker p16 Ink4a relative to WT controls. More importantly, we wanted to establish that PAI-1 is not just a marker of senescence, but rather is a critical driver of this process in vivo. This was confirmed by demonstrating that aortic p16 Ink4a levels in mice treated with both L-NAME and TM5441 were comparable to those seen in WT controls. This observation is in agreement with other data from this laboratory indicating that partial or complete deficiency of PAI-1 in the klotho mouse model is sufficient to prevent senescence and prolong survival (Mesut Eren, PhD, manuscript under review). Telomere length, another wellestablished cellular marker of physiological aging, was also examined in both aortic and hepatic tissues. We chose to examine the liver because it is a highly vascularized organ and has been previously shown to be affected by L-NAME. 34 Both aortas and livers from L-NAME-treated animals showed significant decreases in ATLR that reflect the induction of senescence and accelerated aging. In both organs, co-treatment of L-NAME with TM5441 was able to maintain telomere length similar to WT levels.
The present study establishes PAI-1 as an important determinant of vascular senescence in vivo. Additionally, it is possible that all the pathological conditions developed in the L-NAME-treated animals (hypertension, perivascular fibrosis, and hypertrophy) could be his process in vivo. This was confirmed by demonstrating that aortic p16 Ink4a lev ev vel els s s in in n m m mic ic ice e e reated with both L-NAME and TM5441 were comparable to those seen in WT controls. This ob bse se serv rv vat at atio io ion n n is is is in n ag ag agr reement with other data from m m t th hi is laboratory i ind n n ica ca ati ti tin n ng that partial or co om mp mplete defic cie ie ienc nc cy y of of o P P PAI AI AI-1 -1 1 i i in n th th he e e kl kl lot ot tho m m mo o ouse e e m m mod d de el el i is s su u uff ffi ic ici ie ent nt t t to pr prev ev eve en ent t se se sen ne nesc sc cen en nce ce an n nd pr prol ol olon on ng g g su surv rv rvi iv ival al (M Me Mes s sut t t Er Eren n n, , , Ph Ph PhD, D, D, m m man an anus us usc c crip p pt t t u un und d der r r re e evi vi view ew ew). ). ) Te Te Telo lo lom m mer re e l len en engt gt gth, h, , a a an n noth th he er er w we e ell l-lestablished ce ce ell ll l ul ul u ar ar ar m m mar ar arke ker r r of of of p phy hy hys sio io iolo o ogi gi g ca ca cal l l ag ag agin in i g, g, g, w w was as a a als ls so o o ex ex xam am amin n ned ed ed i i in n n bo bo both th a a aor or orti ti ic c c an a d hepatic secondary effects from the induction of vascular senescence. This is further supported by the fact that age is the single greatest risk factor for cardiovascular disease (CVD). 35, 36 PAI-1 expression is known to be both elevated in the elderly and in many conditions associated with aging such as obesity, insulin resistance, and vascular remodeling. 37 Furthermore, NO production has been shown to decrease with age, even in healthy individuals. 38 Combined with the data shown here, these findings indicate that age-related decreases in NO production can lead to vascular senescence and arteriosclerosis, and that this process may be prevented through PAI-1 inhibition. These findings certainly suggest that PAI-1 antagonists may eventually prove to be useful in preventing hypertension as well as protecting against the increased risk in CVD that accompanies aging.
In conclusion, we have shown that TM5441, a novel, orally active PAI antagonist, protects mice against L-NAME-induced vascular pathologies, including hypertension, fibrosis, and vascular senescence. TM5441 represents a novel therapeutic approach for the agingassociated cardiovascular disease that merits further investigation. by guest on September 1, 2017
